Abstract GOPC (FIG/PIST/CAL) is a PDZ-domain scaffolding protein that regulates the trafficking of a wide array of proteins, including small GTPases, receptors and cell surface molecules such as cadherin 23 and cystic fibrosis transmembrane regulator. In Madin-Darby canine kidney (MDCK) cells, we find that GOPC localizes to the trans-Golgi network (TGN) but not to the cis-or trans-Golgi cisternae. Colocalization occurs with the early endosome Rab GTPase Rab5 and a TGN/endosome marker Rab14 but not with Rab11, a marker of recycling endosomes. No localization of GOPC was detected to the lateral membranes or tight junctions. Knockdown of GOPC in MDCK cells results in decreased transepithelial resistance and increased paracellular flux. This might be attributable to the compromised trafficking of tight junction components from the TGN, as GOPCknockdown cells have decreased lateral labeling of the tight junction protein claudin-1 and decreased protein levels of claudin-2. GOPC might mediate the trafficking of newly synthesized tight junction proteins from the TGN to the cell surface or the recycling of these proteins from specialized endosomal compartments.
Introduction
The sorting and targeting of cell surface receptors and channels is a regulated process that requires the coordinated activity of cellular machinery in subcellular compartments, including the trans-Golgi network (TGN) and endosomes. PDZ-domain proteins have been implicated in the polarized and specialized trafficking of proteins to the apical plasma membrane and junctional region (Gee et al. 2009; Ohno 2001) . GOPC (Golgiassociated PDZ and coiled-coil motif-containing protein), also known as PIST (PDZ domain protein interacting specifically with TC10), FIG (fused in glioblastoma) and CAL (cystic fibrosis transmembrane regulator [CFTR]-associated ligand), is a peripheral membrane PDZ-domain protein. Although first identified as interacting with the small GTPase TC10, the receptor Frizzled and syntaxin 6 (Charest et al. 2001; Neudauer et al. 2001; Yao et al. 2001) , subsequent studies have found that GOPC controls the trafficking of many integral membrane proteins, including cell surface receptors (Cuadra et al. 2004; Hassel et al. 2003; Meiffren et al. 2010; Wawrzak et al. 2009; Yao et al. 2001; Yue et al. 2002; Zhang et al. 2008) , ion channels and pumps (J. Cheng et al. 2002; Gentzsch et al. 2003; Goellner et al. 2003; Herrmann et al. 2013 ) and adhesion molecules . It also interacts with the Golgi cisternae protein Golgin160 (Hicks et al. 2006; Hicks and Machamer 2005) . Its domain structure consists in an N-terminal region with two coiled-coil domains and a C-terminal PDZ domain (Charest et al. 2001; Neudauer et al. 2001; Yao et al. 2001) . This structure allows the protein to interact with both cargo and trafficking machinery. Interestingly, GOPC promotes the lysosomal targeting of CFTR and Muc3 but promotes cell surface targeting of receptors such as Frizzled (J. Cheng et al. 2002 Cheng et al. , 2004 Cushing et al. 2010; Pelaseyed and Hansson 2011; Yao et al. 2001) . The enhanced lysosomal targeting of CFTR and Muc3 might relate to the finding that GOPC interacts with the autophagy machinery and is required for the development of autophagic vacuoles after the activation of the cell surface antigen CD46 (Meiffren et al. 2010; Richetta et al. 2013) .
Epithelial cells form a barrier between the outside world and the interior of the organism. To establish this barrier, the cells develop discrete apical and basolateral membrane domains separated by specialized junctions (Apodaca et al. 2012; Rodriguez-Boulan and Macara 2014) . The formation of tight junctions requires targeted trafficking to the specialized plasma membrane domain at the apical pole of the cell. This domain is not static and tight junction proteins continuously cycle through endosomal compartments to maintain epithelial integrity (Ivanov et al. 2005; Marchiando et al. 2010; Marzesco et al. 2002; Morimoto et al. 2005; Shen 2012 ). GOPC has been reported to reside at the adherens junction and to regulate the targeting of a specialized apical cadherin, cadherin-23 (Ito et al. 2006; Xu et al. 2010 ). However, whether GOPC impacts the structure or assembly of tight junctions is unknown. Here, we show that the knockdown of GOPC results in decreased transepithelial resistance (TER), increased paracellular permeability, decreased claudin-1 at the tight junction and decreased protein levels of claudin-2. These results suggest that GOPC regulates tight junction structure in epithelial cells, perhaps through modulation of the trafficking of a subset of tight junction proteins from either the TGN or through specialized endosomes.
Materials and methods

Materials
Cell culture reagents were obtained from Mediatech (Manassas, Va., USA). The following antibodies were used: rabbit anti-GOPC (Millipore, Billerica, Mass., USA), anti-ECadherin (Cell Signaling, Danvers, Mass., USA), mouse antiearly endosomal antigen-1 (EEA1; BD Biosciences, San Jose, Calif., USA), mouse anti-TGN38 (ABR Affinity Bioreagents, Golden, Colo., USA). Rat anti-E-Cadherin, mouse anti-G58K, mouse anti-GM130, and mouse anti-β-actin were from Sigma (Saint Louis, Mo., USA). Rabbit and mouse anticlaudin-1, rabbit and mouse anti-claudin-2, rabbit and mouse anti-occludin, mouse anti-claudin-4 and mouse anti-zonula occludens-1 (ZO-1) were from Invitrogen (Grand Island, N.Y., USA). Mouse anti-JAM-A was a gift from Dr. Charles Parkos, Emory University. AlexaFluor secondary antibodies were also from Invitrogen. All other chemicals and reagents were from Sigma-Aldrich, unless otherwise specified.
Plasmid/lentivirus constructs pLKO small hairpin RNAs for GOPC were a gift from the Broad Institute, Harvard Medical School. The following sequence was used for the knockdown of GOPC:CTGGAGAA GGAGTTCGACAAA. One nucleotide difference can be found between this sequence and the canine sequence at the 3′ end. Knockdown was confirmed and quantified by immunoblotting by using anti-GOPC antibody (see below). Plasmids encoding galactosyltransferase-CFP (cyan fluorescent protein) and Rab11-GFP (green fluorescent protein) were from Addgene (Cambridge, Mass. USA). Plasmids encoding Rab14-GFP were as described previously (Kitt et al. 2008 ).
Cell culture
Madin-Darby canine kidney (MDCK II) cells were used in all experiments. Cells were cultured in DMEM-high glucose (Mediatech) supplemented with 10 % fetal bovine serum (Atlanta Biologicals, Lawrenceville, Ga., USA), 1 % nonessential amino acids (Mediatech), and 1 % Pen/Strept/L-Glut (Sigma) under 5 % CO 2 at 37°C.
For transient transfection, 25-kDa linear polyethylenimine (PEI; Fisher Scientific, Waltham, Mass., USA) was used as a DNA carrier. Briefly, PEI (1 mg/ml stock) and DNA were mixed at a ratio of 4:1 in OPTI-MEM to a final concentration of 1 μg/ml DNA and 4 μg/ml PEI. After incubation at room temperature for 10 min, the mixture was added to cells for 16 h, followed by replacement with normal growth media. Cells were fixed 8 h later.
For lentiviral transduction, cells were infected with virus in the presence of 6 ug/ml polybrene (Sigma-Aldrich) overnight followed by selection in growth medium containing 2 μg/ml puromycin. Controls were transduced with an empty vector.
For TER measurements, cells were plated at a density of 1.3×10 5 cells/cm 2 on filter inserts (#3460, Corning, N.Y., USA) and cultured for 4-7 days. TER was measured with a Millicell ERS-2 epithelial volt-ohm meter (Millipore). TER measurements, expressed as Ω•cm 2 (presented as means ± SEM), were performed in triplicate. Significance was determined by using Student's t-test.
For fluoroscein-dextran flux assays, cells were plated on permeable supports and grown for 4-5 days. Cells were rinsed three times with Hank's balanced salt solution (HBSS) and equilibrated for 30 min at 37°C. The 4-kDa fluoroscein dextran (1 mg/ml, Sigma), dissolved in HBSS, was added to the apical chamber. Filters were incubated for 3 h and the basolateral medium was collected. Flux was measured by using a Thermo Electron Varioskan Flash fluorimeter and was calculated by using the apparent permeability coefficient (Papp) equation: Papp=(ΔCxV/Δt)/A×C 0 , where Papp is the apparent permeability (cm/s), ΔC is the change of 4-kDa fluoroscein-dextran concentration (mM) in the basolateral medium, V is the volume of the basolateral medium (ml), Δt is the change in time (s), A is the surface area of the membrane (cm 2 ) and C 0 is the initial concentration (mM) in the apical chamber (Van Itallie et al. 2008) . Values were averaged and significance was determined by using Student's t-test.
Immunofluorescent labeling and fluorescence microscopy Cells were cultured on sterilized coverslips or Corning Costar (Sigma) filters. For imaging cells on filters, cells were plated at confluent density (2×10 5 cells/cm 2 ) and cultured for 3-7 days. For immunofluorescent labeling, cells were fixed in 4 % formaldehyde freshly prepared from paraformaldehyde in phosphate-buffered saline (PBS), pH 7.4, or in 100 % methanol at −20°C, permeabilized/blocked with 0.2 % saponin/ PBS, pH 7.4 and incubated in primary antibodies overnight at 4°C followed by incubation with fluorescent secondary antibodies in the same buffer. Images were acquired by using an Olympus Fluoview confocal microscope with a 60× (NA1.4) oil immersion objective. Excitation wavelengths of 488, 568 and/or 633 nm were used for simultaneous two-or three-channel recording. Images were processed and merged by using Adobe Photoshop software (Adobe Systems) or ImageJ (Schneider et al. 2012) . Quantification of pixel intensity was performed by using NIH ImageJ. Briefly, cells labeled for claudin-1 or occludin, together with GOPC, were imaged and cells within the field were marked as being GOPC-positive or -negative. Plot profiles across the lateral membrane were generated and maximum intensities were averaged. Identical imaging and processing parameters were used within an experiment to allow the comparison of intensity and labeling patterns. Data are presented as means±SEM. Statistical significance was determined by using Student's ttest.
Western blot analysis
Cells were lysed in 0.025 M TRIS, pH 7.4, 0.15 M NaCl, 0.001 M EDTA, 1 % NP-40 and protein concentrations were determined with the Pierce protein assay reagent. Samples were then solubilized in LiCor (Lincoln, Neb., USA) sample buffer with 10 % β-mercaptoethanol to a concentration of 1 μg/μl. Blots were blocked with LiCor blocking buffer and then probed with primary antibodies diluted in 0.05 % Tween/LiCor blocking buffer. As secondary antibodies, we employed rabbit or mouse IR-Dye 680 or 800 in blocking buffer. Membranes were imaged by using a LiCor Odyssey scanner. Boxes were manually placed around each band of interest, which returned nearinfrared fluorescent values of raw intensity with the intra-lane background being subtracted by using Odyssey 3.0 analytical software (LiCor). The fluorescence value for each protein of interest was normalized to the in-lane value of β-actin and this normalized ratio from duplicate or triplicate lanes was averaged. Data were analyzed by using Student's t-test. Measures were considered significant when P <0.05. Error bars represent SEM.
Results
Localization and functional studies have suggested diverse subcellular distributions for GOPC; it localizes to the Golgi apparatus, in cytoplasmic tubules and, in epithelial cells, at adherens junctions (Chen et al. 2012; J. Cheng et al. 2002; Gentzsch et al. 2003; Hicks and Machamer 2005; Ito et al. 2006; Yao et al. 2001) . To define further the subcellular compartments in epithelial cells in which GOPC is localized, we double-labeled MDCK cells (grown on permeable supports) with antibodies against GOPC and markers of tight junctions (occludin and ZO-1) or adherens junctions (E-cadherin). As shown in Fig. 1 , GOPC localized to puncta within the cytoplasm. However, GOPC was not found at the tight or adherens junctions by using a variety of fixations and labeling conditions ( Fig. 1; data not shown) . This contrasted with a previously reported localization of GOPC to adherens junctions (Ito et al. 2006) . This difference might be attributable to antibody specificity differences.
GOPC is ubiquitously expressed (J. Cheng et al. 2002) and has been implicated in the control of protein trafficking from the Golgi apparatus to the plasma membrane or lysosomes. To assess its localization in epithelial cells, MDCK cells were double-labeled with anti-GOPC and markers of the Golgi complex. Because of antibody incompatibility, the TGN was labeled by expression of galactosyltransferase-CFP. As shown in Fig. 2a-a'' , b-b'', extensive colocalization of GOPC and the TGN marker galactyosyltransferase was present. To ensure that this overlap was not attributable to overexpression of the TGN enzyme, we also double-labeled NRK cells with antibodies against the endogenous TGN marker, TGN38 and GOPC. As shown in Figure S1 , the labels extensively overlapped. The medial Golgi was marked with antibody against Golgi 58 K (Fig. 2c-c'', d-d'' ) and the cis-Golgi was marked by using antibody against the Golgi matrix protein GM130 (Fig. 2e-e' ', f-f''). However, GOPC did not colocalize with medial or cis-Golgi markers (Fig. 2d'' , f''), suggesting that GOPC functions predominantly in the final sorting step of protein trafficking in these cells.
GOPC has also been implicated in the endosomal regulation of cell surface receptors, in the generation of the sperm acrosome (a specialized endosomal compartment) and in autophagy (Cuadra et al. 2004; Meiffren et al. 2010; Wente et al. 2005; Yao et al. 2002; Yue et al. 2002) . To determine whether GOPC localizes to endosomal compartments, cells were transfected with plasmids expressing the early endosomal marker Rab5-GFP, the TGN/specialized endosome marker Rab14-GFP and the recycling endosome marker Rab11-GFP. As shown in Fig. 3 , GOPC labeling overlapped with Rab5-GFP (Fig. 3a-a'' )and Rab14-GFP (Fig. 3b-b'' ). However, no colocalization with Rab11-GFP was observed (Fig. 3d-d' ', e-e''), suggesting that GOPC acts through early and specialized endosomes but not within the recycling endosomal compartment. Interestingly, GOPC has been shown to disperse from the membrane after Brefeldin A (BFA) treatment in lung epithelial cells (J. Cheng et al. 2002) . In MDCK cells, BFA causes tubulation of the endosomal compartment, but not the TGN (Hunziker et al. 1991) . When cells transfected with Rab14-GFP were incubated with BFA, followed by fixation and labeling for GOPC, we observed tubulation of Rab14-GFP but not GOPC (Fig. 3c-c'' ). This suggests that the colocalization of Rab14-GFP and GOPC seen in untreated cells occurs primarily in the TGN. Finally, the early endosomal antigen EEA1 has been shown to localize to some but not all, early endosomes in MDCK cells (Wilson et al. 2000) . Interestingly, doublelabeling of cells with EEA1 and GOPC resulted in no colocalization of these markers (Fig. 4) .
To determine the role of GOPC in the regulation of membrane traffic in epithelial cells, GOPC was knocked down in MDCK cells by using a lentiviral vector followed by selection with puromycin to establish stable cell lines (Fig. 5a, b) . MDCK cells form polarized monolayers when grown on permeable supports and so we tested the ability of GOPC-knockdown cells to form a tight monolayer. As shown in Fig. 5c , knockdown of GOPC resulted in a small but significant decrease in the TER of these cells. To determine whether the TER decrease resulted from increased paracellular permeability, we assessed permeability by using fluorescein-dextran in a flux assay (Fig. 5d) . GOPCk n o ck d o w n c e l l s s h o w e d s i gn i f i c a nt l y h i g h e r paracellular permeability than control cells, consistent with the decrease in TER. To test whether tight junction structure was altered, we labeled knockdown cells with antibodies against the tight junction proteins claudin-1, -2 and -4, occludin, JAM-A and E-cadherin, together with antibodies against GOPC. GOPC-knockdown cells had decreased lateral labeling of claudin-1 and -2 but labeling with other markers was unaffected (Fig. 6a-f'') . To quantify this, we measured the pixel intensity of claudin-1 and occludin at the lateral membranes by using NIH ImageJ. As shown in Fig. 6g , cells that were knocked down for GOPC had decreased pixel intensity of claudin-1 labeling at the intercellular junctions. However, occludin labeling was unaffected by GOPCknockdown (Fig. 6h) . To determine whether the change Fig. 1 Madin-Darby canine kidney (MDCK) cells grown on Transwell filters were fixed and double-or triple-labeled for the tight junction markers occludin (a-c) and zonula occludens-1 (ZO-1; d-f) and the adherens junction marker E-cadherin (g-i), together with GOPC (Golgiassociated PDZ and coiled-coil motif-containing protein). GOPC is localized to puncta and cisternal structures in the cytoplasm (arrows) but does not colocalize with tight junction or adherens junction markers. ZO-1 and Ecadherin labeling are shown as the same optical section but are imaged with distinct fluorescence filters. Representative images from at least five experiments. Bar 20 μm in claudin-1 labeling at the membrane was attributable to decreased expression of claudin-1, we quantified the levels of tight junction and adherens junction proteins by using immunoblotting. Western blots of lysates from control and knockdown cell lines showed that no change occurred in total protein levels of occludin, Fig. 2 a-a'', b- claudin-1, or E-cadherin (Fig. 7a-d) , suggesting that the loss of claudin-1 from the junctions was attributable to a change in the intracellular trafficking of this protein. Interestingly, a significant decrease was noted in the protein levels of the leaky claudin, claudin-2 (Fig. 7a, e) . Because loss of claudin-2 normally results in increased TER, this might mean that the moderate decrease in TER observed with GOPC-knockdown is attributable to the opposing effects of We next tested whether knockdown of GOPC disrupted the morphology of the TGN or endosomes. Knockdown cells expressing galactosyl-transferase-CFP, Rab14-GFP, or Rab5-GFP were labeled with antibodies against GOPC. As shown in Fig. 8 , the localization of all of these markers was unaffected by knockdown of GOPC when compared with cells expressing GOPC. Our results suggest that GOPC does not play a structural role in these compartments but, rather, functions to regulate trafficking through interaction with effectors. Fig. 4 MDCK cells were fixed and labeled for the early endosomal antigen EEA1 (a) and GOPC (a'). The merged image (merge) shows no overlap of the labels (a''). Bar 10 μm
Fig. 5 MDCK cells knocked down for GOPC expression (GOPC-KD) exhibit decreased transepithelial resistance (TER).
Western blotting (a) and its quantification (b) demonstrate significant knockdown. TER (c) is significantly reduced on GOPC-knockdown. Cells were plated on filters and TER was measured on the days after plating as indicated (d days). In the flux assay (d), 4-kDa fluorosceindextran was added to the apical medium and samples were collected from the lower chambers after a 3-h incubation. *P<0.01, n=3 Fig. 6 Knockdown of GOPC results in reduced claudin-1 at the tight junction. GOPC-knockdown cells were double-labeled for GOPC (a'-f') and claudin-1 (a), claudin-2 (b), claudin-4 (c), occludin (d), JAM-A (e) and E-cadherin (E-Cad, f). Knockdown of GOPC resulted in decreased claudin-1 at the lateral membrane (a'', arrowheads). Normal lateral membrane claudin-1 labeling was observed in adjacent cells that expressed GOPC (a'', arrows). Claudin-2 was absent from cells knocked down for GOPC (b'', arrowheads). However, claudin-4, occludin, JAM-A and E-cadherin labeling was unaffected by GOPCknockdown (c''-f''). Knockdown cells are indicated by stars. Bar 20 μm. g, h NIH-ImageJ quantification of pixel intensity of claudin-1 (n=52) labeling (g) and occludin (n=37) labeling (h) at the lateral membrane after GOPC-knockdown (GOPC-KD). *P<0.01, n.s. not sigificant
Discussion
Scaffolding proteins provide a framework for the regulated targeting of membrane proteins within the cell. The observation that GOPC is ubiquitously expressed, interacts with, and regulates a large number of integral membrane proteins suggests that it serves a "housekeeping" role for a subset of cell surface proteins (J. Cheng et al. 2002) . We found that GOPC regulates the subcellular distribution (claudin-1) and protein level (claudin-2) of two tight junction proteins. Since these claudins mediate opposing ion fluxes, i.e., decreased claudin-1 results in increased permeability, whereas decreased claudin-2 results in decreased permeability (Van Itallie and Anderson 2006), we detect only a small net decrease in TER. In contrast, movement across the leak pathway is regulated by occludin (Buschmann et al. 2013) . We indeed observed an increase in the paracellular movement of 4-kDa dextran, suggesting that the leak pathway is also impacted by GOPC-knockdown. However, we did not see changes in the levels or distribution of other tight junctions proteins such as occludin or the adherens junction protein E-cadherin. These findings are consistent with others showing that GOPC regulates the trafficking of a variety of ion channels, receptors and mucins in epithelial and non-epithelial cells (J. Cheng et al. 2002 Cheng et al. , 2004 S. Cheng et al. 2010; Cuadra et al. 2004; Gee et al. 2009; Hassel et al. 2003; Hicks and Machamer 2005; Pelaseyed and Hansson 2011; Wente et al. 2005; Yao et al. 2001; Zhang et al. 2008) .
Our finding that the depletion of GOPC results in decreased claudin-2 protein expression suggests that GOPC positively regulates claudin-2 through the inhibition of ubiquitination or by acting as a chaperone. In other cells, the overexpression of GOPC enhances the expression of mGluR5a and is thought to act as a chaperone to deliver the receptor Frizzled to the cell surface. Interestingly, GOPC colocalizes with Rab14 and Rab14 knockdown also results in decreased claudin-2 expression (Lu et al. 2014) . Whether this similar phenotype is attributable to the same pathway remains to be tested. In contrast, the PDZ-dependent interaction of GOPC with CFTR and several other ion channels is well documented and this interaction results in decreased cell surface expression and increased targeting to lysosomes.
We find that GOPC localizes to both the TGN and a subset of endosomal compartments. The subcellular site at which GOPC acts to control the expression of membrane proteins remains incompletely understood. It has been implicated in the endocytic down-regulation of receptors and channels from the plasma membrane, endosomal sorting and recycling and direct targeting from the TGN to lysosomes (J. Cheng et al. 2005; He et al. 2004; Wente et al. 2005; Xu et al. 2010) , both through direct interaction (as in the case of CFTR) or through indirect interaction with other effectors. For example, a neuronal form of GOPC, nPIST, regulates AMPA receptor clustering on the surface of hippocampal neurons through interaction with the AMPAreceptor-binding partner stargazin (Cuadra et al. 2004 ). In addition, GOPC regulates autophagy induced by the activation of the pathogen receptor CD46 (Joubert et al. 2009 ). Our finding that some GOPC is localized to Rab5-positive structures indicates that GOPC can traffic to endosomal compartments and might impact the recycling of receptors and channels.
Early reports concerning MDCK cells placed GOPC at the adherens junctions (Ito et al. 2006 ). We did not find GOPC at the lateral membrane/junctional region; this can be explained by antibody differences. Nonetheless, GOPC depletion decreases TER, the surface distribution of claudin-1 and the protein level of claudin-2, indicating that it regulates the trafficking of these molecules. This might occur via the endosomal compartment or at the level of the TGN, as trafficking between both the endosomes and the Golgi apparatus has been shown to impact the integrity of both tight and adherens junctions (Desclozeaux et al. 2008; Ivanov et al. 2004; Lock and Stow 2005; Lu et al. 2014; Marchiando et al. 2010; Naydenov et al. 2012; ReganKlapisz et al. 2009 ). Claudins contain C-terminal PDZ-binding motifs; however, these domains might not be required for localization at junctions, although the deletion of a larger portion of the C-terminus results in mistargeting (Ruffer and Gerke 2004) . GOPC might bind to a larger portion of the cytoplasmic domain to direct claudin trafficking. Alternatively, the interaction of GOPC with other regulators Representative images from at least three experiments. Bars 10 μm of junctional assembly or vesicular pH might indirectly impact the trafficking of these proteins.
